Abstract Introduction: Recently, variables related to between-limb synchronization of the centers of pressure (COP) have been proposed as measures of postural control in post-stroke patients. Although it is crucial in verifying their potential clinical use, the reliability of these variables is unknown. The aim of this work was to determine the reliability and minimal detectable change (MDC) of the peak of synchronization (ρ max ) in the anteroposterior (AP) and mediolateral (ML) directions, the time lag for the peak (ρ max lag), synchronization at lag zero (ρ 0 ), weight-bearing symmetry, and amplitude of postural sway, measured as the root mean square (RMS) values of the COP displacements in both directions (AP and ML COP displacement). Methods: COP data of 16 participants with stroke were collected at quiet standing with two force plates at two sessions separated by 2 to 7 days. The procedure was repeated three times in each session. The within and between sessions reliability was determined by the intraclass correlation coefficient (ICC), and the MDC was obtained from the ICC between sessions. Results: The variables ρ max lag in the AP and ML directions, as well as ρ 0 in the AP direction, exhibited poor within session reliability (ICC ≤ 0.4). The findings revealed excellent within and between sessions reliability (ICC ≥ 0.89) for weight-bearing symmetry and the RMS displacement in the AP direction, with MDC values of 5% and 2.07 mm, respectively. The remaining variables exhibited moderate reliability. Conclusion: Weight-bearing symmetry and AP COP displacement can be considered reliable variables for use in clinical practice.
Introduction
Deficits in postural control following a stroke are responsible for an increased risk of falls (Mansfield et al., 2012) , increased difficulty in performing daily activities (Bohannon and Leary, 1995) , and decreased quality of life (Garland et al., 2007) . They are also correlated with personal perceptions of inability following hospital discharge (Desrosiers et al., 2002) . Thus, intervention protocols were developed to accelerate the recovery of balance control in patients (Freyler et al., 2014; An and Shaughnessy, 2011) ; the effectiveness of these protocols should be assessed via reliable and objective measures.
Conventional measures of the center of pressure (COP), such as speed and area and amplitude of sway, which are obtained via posturography using a single force plate, are used to quantify changes in postural control and analyze the effects of therapeutic interventions following a stroke (Freyler et al., 2014; De Haart et al., 2004) . However, it is not possible to identify mechanisms related to unilateral deficits and compensations of a non-paretic lower limb (van Asseldonk et al., 2006) by using only one force plate. Therefore, posturographic methods implementing two force plates were proposed for post-stroke patients; these methods allow measurement of the contribution of each lower limb to postural control (Genthon et al., 2008; Mansfield et al., 2011) . Genthon et al. (2008) analyzed the trajectories of the centers of pressure under each foot and concluded the following: 1) that a paretic limb acts more passively in the standing position, and 2) that, although the non-paretic limb plays a major role in balancing control, it cannot fully compensate for the Reliability and minimal detectable change of between-limb synchronization, weight-bearing symmetry, and amplitude of postural sway in individuals with stroke Suzane Ketlyn Martello 1 deficits of the paretic limb, and as such also contributes to overall dynamic instability.
More recently, Mansfield et al. (2012) proposed three measures derived from the COP under each foot to help understand the mechanisms involved in postural control following a stroke: weight-bearing symmetry, between-limb synchronization, and the amplitude of postural sway as measured by the root mean square (RMS) of the COP excursion; the latter two are measured in the anteroposterior (AP) and mediolateral (ML) directions.
Extant research has indicated that hemiparetic subjects rely on the non-paretic lower limb to bear most of their body weight during quiet standing (De Haart et al., 2004; Genthon et al., 2008) . The weight-bearing asymmetry appears as a strategy to compensate for the postural impairment of the paretic limb while standing. However, this compensatory strategy leads to disuse of the paretic limb with negative consequences. Thus, although this is not the main cause of postural instability, balance training for stroke patients always includes weight-shift exercises that require individuals to use both limbs (Genthon et al., 2008) . Therefore, weight-bearing symmetry can be used as a clinical indicator to assess the effectiveness of this type of training.
Between-limb synchronization, i.e., the correlation between COP movements under each foot, provides insight into the lack of interlimb muscle coordination, and its role in overall instability. Mochizuki et al. (2005) observed that healthy individuals exhibit high and positive between-limb synchronization in the AP direction, and moderate and negative between-limb synchronization in the ML direction. A study by Mansfield et al. (2011) revealed that post-stroke subjects exhibited decreased between-limb synchronization, larger postural sway, and increased weight-bearing asymmetry as compared to healthy controls. This ability to differentiate healthy from post-stroke individuals led to the proposition of synchronization as a potentially useful posturographic measure to assess postural control of post-stroke patients while standing (Mansfield et al., 2011) .
Other studies on synchronization are more relevant in the clinical context and find an association between this measure and the risk of falls (Mansfield et al., 2012) and limb spasticity (Singer et al., 2013) . Mansfield et al. (2012) observed that stroke patients that fell exhibited lower levels of synchronization as compared to those who did not have a tendency to fall; a significant correlation between synchronization and the score according to the Berg Balance Scale was found. Singer et al. (2013) reported that patients exhibiting spasticity demonstrated decreased synchronization as compared to individuals without spasticity. Therefore, between-limb synchronization of COP trajectories is a plausible measure to assess therapeutic measures aimed at reducing the risk of falls and spasticity.
The RMS of the COP displacement is a traditional measure used to evaluate the amplitude of postural sway. Studies indicate that the behavior of this variable differs between healthy individuals and post-stroke individuals in several ways (Mansfield et al., 2011) . For instance, the COP excursion under each foot is similar across healthy individuals, but it is significantly higher in the non-paretic foot as compared with that of the paretic foot. Additionally, individuals who have suffered a stroke exhibit similar amplitudes of COP excursions in the AP and ML directions with respect to the paretic foot, while the AP excursion under the non-paretic foot is higher than that in the ML direction. This difference between limbs is not present in healthy subjects. Furthermore, the ability to differentiate between healthy individuals and stroke patients is made apparent in the RMS COP displacement, which is a possible clinical indicator.
Despite their potential clinical applicability, to the best of the authors' knowledge, studies have not examined the reliability and minimal detectable change (MDC) of the synchronization and amplitude of postural sway in post-stroke patients. Gray et al. (2014) evaluated the within and between sessions reliability of the amplitude of postural sway of each foot as independent entities, and Eng and Chu (2002) and Gasq et al. (2014) examined the weight-bearing symmetry. However, these studies did not investigate the MDC of the aforementioned measures. The reliability of a measure refers to its stability under a set of sessions in which the same procedure is repeated using the same measurement system over a short period of time. Variables with high reliability present consistent values, which characterizes their suitability for clinical use. The MDC refers to the minimum magnitude of a change for it to be considered as significant (Haley and Fragala-Pinkham, 2006; Weir, 2005) . Knowledge of these features is considered as a prerequisite for implementing a variable as an outcome measure to evaluate rehabilitation interventions and guide decision-making processes. It is not possible to apply a simple comparison of means to differentiate random effects from real changes, because they do not account for day-to-day random variability.
In this context, the aim of the current study was to determine the within and between sessions reliability, as well as the MDC of between-limb synchronization, weight-bearing symmetry, and RMS amplitude of postural sway.
Methods
The study was approved by the Ethics Committee of the Pontifícia Universidade Católica do Paraná (nº 256.523), and informed consent was obtained from all subjects.
Participants
The study was conducted in the Gait Laboratory of the Centro Hospitalar de Reabilitação Ana Carolina Moura Xavier, which is a state rehabilitation hospital in Curitiba, Brazil.
Patients admitted to the physical therapy program were invited to participate in the study after their first evaluation session. A researcher was authorized to attend the sessions and personally invite the patients.
The following inclusion criteria were considered: 1) age ≥ 18 years; 2) ability to stand for 60 s without the assistance of another individual, and 3) ability to understand the instructions for undergoing posturography. Patients with bilateral stroke or bilateral involvement, diplopia, uncorrectable reduced vision, and any other neurological or musculoskeletal disorders unrelated to stroke were excluded from the study.
The clinical evaluations undergone by the participants were as described next. The spasticity of the plantar flexors and degree of dependency on the ambulation were evaluated with a modified Ashworth scale (Bohannon and Smith, 1987) , and by implementing the Functional Ambulation Category (FAC) (Mehtholz et al., 2007) , respectively. The Berg Balance Scale was implemented to evaluate the balance (Miyamoto et al., 2004) , and the Barthel Index was used to measure the degree of assistance required to perform daily living activities (Cincura et al., 2009) . Additionally, ankle proprioception was tested in the paretic limb. The subjects were blindfolded and asked to answer questions related to the current joint position (flexion or extension). The performance was graded as normal (accurate and prompt answers), impaired (accurate but delayed answers), and absent (wrong answers). The subjects comprised 16 volunteers (seven women and nine men; 10 with right hemiparesis and six with left hemiparesis); characteristics of the participants are presented in Table 1 .
Procedures
Static posturography measurements were obtained with two force plates (AMTI, OR6-7-1000), with the subjects standing as quietly as possible with each foot on a plate. The feet were positioned such that the axes from the heels to the toes were oriented at 14°, with the centers of the heels 17 cm apart (McIlroy and Maki, 1997) . The participants were instructed to quietly remain in this position for a period of 60 seconds (Zok et al., 2008) . This was performed thrice, with a resting interval of 2 min between repetitions, when the participants remained seated on a chair. Within an interval of 2 to 7 days following the test session, the procedures above were repeated under identical conditions with respect to the time of day, evaluators, and room temperature. The signals were sampled at 300 Hz and low-pass filtered using a fourth-order dual-pass 10 Hz Butterworth filter prior to processing.
COP signal processing
The initial 30 s of the collected signal were used to obtain the posturographic measures. The mean value was subtracted from the time series to eliminate offsets, and the cross-correlation of the COP time series between the left foot and right foot was calculated as an estimate of the synchronization of COP displacement between the feet. The synchronization was quantified by the following parameters (Mansfield et al., 2011; 2012) : cross-correlation at time zero (ρ 0 ), peak value of cross-correlation within ±1 s from time zero (ρ max ), and the time-to-peak value from time zero (ρ max lag). All calculations were performed using the time series in the AP and ML directions. In addition to these synchronization measures, the amplitude of COP displacement was estimated from the RMS value of the corresponding time series. Weightbearing symmetry was calculated as the mean vertical force recorded by the force plate with lower weight bearing, and was expressed as a percentage of the total body weight (i.e., the total mean vertical force).
Statistical analysis
The Shapiro-Wilk test was applied to evaluate the normality of the distributions of ρ max , ρ max lag, ρ 0, and RMS of COP displacement in the test and retest sessions. The test variable ρ 0 and retest variables ρ 0 and ρ max in the AP and ML directions were compared with paired sample t-test, while the remaining variables were compared with Wilcoxon test. A significance level of 5% was considered in the study. The within session reliability was measured as the intraclass correlation coefficient (ICC two-way mixed) of the three same-day repetitions of posturographic measurements for both the test and retest sessions. To calculate between sessions reliability, the ICC from the averaged data of the three repetitions calculated for each session was used. To test the absence of systematic error, a single-factor (two-way) analysis of variance was applied. Prior to this analysis, the presence of homoscedasticity was assessed via the Levène´s test. As a result, both conditions were found to be satisfied, which thus assured the correctness of the ICC values. The determination of the statistical model of the ICC followed the recommendations proposed in a study by Weir (2005) .
MDC was determined based on Equation 1 (Weir, 2005) :
where SEM denotes standard measurement error, which is given as
where the standard deviation (SD) is obtained from the total variance (Weir, 2005) . Table 2 lists the median and minimum and maximum values of the variables determined in the same-day trials (R 1 , R 2 , and R 3 ), and the average values of repeated measures. A comparison of results in the AP and ML directions revealed significant differences with respect to all variables except ρ max lag.
Results
Within session ICC values for 95% confidence obtained in the test and retest are listed in Table 3 . Table 4 presents the between sessions ICC and MDC values corresponding to each variable; these values were calculated with 95% confidence.
Discussion
The values corresponding to synchronization in the ML direction were significantly lower than those in the AP direction for synchronization at time zero (ML ρ o ) and peak synchronization (ML ρ max ); lower synchronization values in the ML direction were also found by Mansfield et al. (2011; 2012) . The study indicated that a relationship existed between the AP ρ 0 and an increased risk of falling; it also suggested that the AP/ML ρ 0 was a more meaningful measure than the ML ρ 0 (Mansfield et al., 2012) . These results were expected because post-stroke patients have been known to exhibit a greater control over postural sway in the AP direction (Roerdink et al., AP: anteroposterior; ML: mediolateral; R: repetition; ρ max : peak value of cross-correlation; ρ max lag: time lag for the peak value of cross-correlation; ρ 0 : cross-correlation at lag zero; R: repetition (1, 2, and 3); COP: center of pressure.
2006). According to Roerdink et al. (2006) , there is an overlap between the muscle activity of each of the lower limbs associated with COP displacement. While the ankle plantar flexors and dorsiflexors control the AP oscillations, the invertors and evertors contribute to both the AP and ML oscillations. The presence of spasticity in some of the muscle groups significantly influences the between-limb synchronization because the increased stiffness inhibits synchronization of the agonist and antagonist groups (Singer et al., 2013) . In addition to the overlap between muscle actions, the measures may be moderately influenced by foot orientation (Rougier, 2008) . Therefore, in this study, a standard foot position was adopted to limit variability among subjects. Despite the lack of consensus with respect to which values of the ICC represent good or poor reliability (Weir, 2005) , for the purposes of the analysis, ICC values smaller than 0.4, between 0.4 and 0.75, and larger than 0.75 were considered to represent poor, fair to good, and excellent reliability, respectively (Fleiss, 1999) .
The variables related to lags (AP and ML p max lag) demonstrated high variability (Table 2) , with the minimum and maximum values equal to -1 and +1 being observed in a few cases. These results indicate the need to increase the limits of the time lag. However, it is important to examine whether a lag higher than 1s has a physiological meaning or corresponds to a random event. As expected, the lag variables were not reliable, as it can be ascertained from the within session ICC values shown in Table 3 . Despite the higher values of the between sessions ICCs (Table 4) , the 95% confidence interval resulted in negative values because of a negative average correlation among the items. These results indicate high variability among subjects and suggest that these variables are not suitable as practical indicators in clinical application.
Regarding the within session reliability, the weight-bearing symmetry yielded ICC values that exceeded 0.90 in both the test and retest, which was indicative of excellent reliability; additionally, AP COP displacement resulted in an ICC of 0.89 and 0.88 in the test and retest, respectively. The reliability of AP COP displacement exceeded the values indicated in a study by Carpenter et al. (2001) , which aimed to evaluate the reliability by studying a sample population of AP: anteroposterior; ML: mediolateral; ρ max : peak value of cross-correlation; ρ max lag: time lag to peak value of cross-correlation; ρ 0 : cross-correlation at lag zero; COP: center of pressure. * Negative values due to a negative average correlation among items. healthy young adults by implementing trials of different durations. It was expected that lower ICC values would be observed in post-stroke subjects since they exhibit a higher variability inherent to deficits in postural control (Roerdink et al., 2006) . Similar to the findings of Gray et al. (2014) , the values of within session reliability of the retest were lower as compared to those found in the test session. Possible causes could be related to the attention invested in the task and learning effects. Roerdink et al. (2006) analyzed the dynamic system measures of the data from the study by De Haart et al. (2004) , which investigated the recovery of balance in post-stroke patients by using traditional posturographic measures. The analyses indicated that the COP displacement became less regular after an intervention. The authors attributed these results to a lower contribution of the cognitive component to the task, i.e., the maintenance of postural control while standing becomes more instinctive. In the current study, the patients could have invested more attention during the test, thereby resulting in a higher ICC than that determined from results of the retest. Therefore, an adaptation period is recommended prior to the real acquisition of data to avoid the task-learning effect.
None of the variables yielded poor between sessions reliability; this is likely because the average of the three trials was used in the calculation of between sessions reliability, thereby diminishing the effect of individual variability. Accordingly, Gray et al. (2014) showed that 2-3 trials are required to achieve stable average values of certain conventional COP measures for post-stroke subjects during a quiet stance. These results demonstrate the importance of determining the average of trials to obtain measures that are more reliable. However, better reliability was observed in the results from the first 2-3 trials, with decline observed in subsequent trials; this decline may be indicative of fatigue.
In addition to the number of trials, it is also interesting to analyze the trial duration, which is more appropriate to assess postural control after stroke while considering the variables under investigation. Ruhe et al. (2010) recommended an average of 3-5 trials, each with a minimum duration of 90 s, to obtain consistent values of COP using conventional measures in healthy individuals. Doyle et al. (2007) only found acceptable levels of reliability after performing a minimum of five 60 s trials using the same sample population, suggesting that intra-subject variability tends to reduce when the length of trials is extended. Carpenter et al. (2001) observed an increase in ICC values of COP measures as the duration of the trial was increased from 15 s to 120 s; as a result, it was suggested that a time series of 60 s should be employed to achieve stable measures in healthy young individuals. However, the study highlights the importance of considering the characteristics and limitations of the studied population by using higher sample duration. Gray et al. (2014) noted that, in the case of post-stroke subjects, the reliability of the measure could be compromised when the subject is exposed to long periods of standing. In the present study, despite collecting data for 60 s, COP signal processing was only performed on the initial 30 s to ensure consistency with the methodology proposed by Mansfield et al. (2012) , with which the measures under investigation were examined. Furthermore, a recent study found no difference between the reliability of COP displacement obtained from 30 s and 60 s time series (Martello et al., 2016) . However, further research is still needed to evaluate the effects of time length on the reliability of the other variables.
The weight-bearing symmetry revealed excellent reliability, with ICC = 0.97, which is similar to the value reported by Eng and Chu (2002) for the same type of population; their study focused on determining the test-retest reliability of the weight-bearing of each limb during five standing tasks. One of the tasks required the subjects to remain in a quiet stance for 30 s; data was collected from two trials. The weight-bearing of each limb of each subject was determined as a percentage relative to one-half of the body weight. Although the definition of symmetry used in the current study differs from that proposed by Eng and Chu (2002) , a similar value of reliability was found here (ICC = 0.95). This similarity was expected because the definitions of symmetry are linearly correlated. Gasq et al. (2014) also evaluated the reliability of this measure in the same population and observed poor reliability; however, they used only one force plate, and the weight-bearing symmetry was estimated from the mean COP position along the mediolateral axis. Therefore, it is difficult to compare the results. The variables of synchronization with respect to the sagittal plane yielded better between sessions reliability as compared to those for the frontal plane. These results confirmed the hypothesis of Mansfield et al. (2012) that suggested that the synchronization in the AP direction is a more significant measure than that in the ML direction, although it did not determine the reliability of the proposed variables. Additionally, it was concluded that, with respect to the AP direction, the synchronization at time zero (AP p 0 ) was more reliable than the peak value (AP p max ).
Given the aforementioned results, it is possible to more thoroughly analyze the results of previous studies that used identical variables to evaluate clinical interventions. For instance, a study by De Haart et al. (2004) evaluated the effects of a rehabilitation intervention on the balance of post-stroke subjects by determining the AP and ML COP displacements. Following 12 weeks of individualized therapy, improved postural stability as evidenced by decreases in RMS values was observed.
The results of the current study verify (with 95% confidence) that the observed change is clinically relevant, i.e., the change is related to patient evolution and not merely due to random day-to-day variability.
A possible limitation of studies in post-stroke subjects is that the muscular spasticity is not stable since it is influenced by environmental factors. In an attempt to minimize a possible variation in muscle tone between sessions, the trials were always performed at approximately the same time of the day in a temperature-controlled environment. The relatively small sample size is another potential limitation of the study. However, the methodology of the reliability calculation was accordingly adjusted for each variable as recommended in the study by Weir (2005) ; this adjustment was performed with respect to the homogeneity of variances and absence of systematic error, adjusting the statistical analysis for each case.
In summary, the results of the present study indicate that weight-bearing symmetry and AP COP displacement showed excellent reliability. This suggests that these variables are possible candidates for use as outcome measures in assessments of post-stroke patients in clinical settings. Conversely, variables related to temporal lag are not recommended, as they were found to yield moderate to poor reliability.
